Electron immunocytochemistry was used to examine perivascular nerves of hamster mesenteric and renal arteries during hibernation and 2 h after arousal from hibernation. Vessels from cold-exposed but nonhibernating, and normothermic control hamsters were also examined. During hibernation the percentage of axon profiles in mesenteric and renal arteries that were immunopositive for markers of sympathetic nerves, tyrosine hydroxylase (TH) and neuropeptide Y (NPY), were increased 2-3 fold compared with normothermic and cold control animals. This increase was reduced markedly only 2 h after arousal from hibernation. The small percentage of nitric oxide synthase-1-positive axon profiles found in mesenteric (but not renal) arteries was also increased during hibernation and returned towards control values after arousal. In contrast, the percentage of perivascular axons immunostaining for vasoactive intestinal polypeptide (VIP), a marker for parasympathetic nerves, was reduced in mesenteric arteries during hibernation. There was no labelling of perivascular nerves for substance P in either mesenteric or renal arteries. It is suggested that the increase in percentage of TH-and NPY-immunostained perivascular nerves may account for the increased vasoconstriction associated with high vascular resistance that is known to occur during hibernation. The reduction in the percentage of axons positive for VIP in hibernating animals would contribute to this mechanism since this neuropeptide is a vasodilator.

In mammals, hibernation represents an effective strategy for surviving periods of harsh ecological conditions, a scarcity of food and adverse low temperature weather conditions. The physiological change from the normothermic condition to the state of hibernation is characterised by a decrease in metabolic rate and body temperature to below 10 mC, a reduced heart rate to below 10 beats\min, reduced respiratory rate of less than 3 breaths\min, a decrease in systemic blood pressure to about 50 mmHg, but an increase in peripheral vascular resistance (Lyman, 1965 ; Nedergaard & Cannon, 1990 ; Nu$ rnberger, 1995) . Food intake and gut function are suspended and renal function is reduced. Arousal is rapid and starts with an increase in heart rate, respiration and oxygen consumption, followed by a rise in body temperature and regulation of vasodilatation which leads to an increase in blood pressure and blood flow (Chatfield & Lyman, 1950 ; Lyman, 1965 ; Lyman & O'Brien, 1988) .
Vasodilatation and vasoconstriction respectively, are fundamental physiological adjustments to increased and decreased metabolic demands by tissues. The changes of peripheral vascular resistance to allow blood flow are mediated by dual local control, by endothelial cells and perivascular nerves (Burnstock & Ralevic, 1994) . Sympathetic nerves exert vasoconstrictor tone in most blood vessels, utilising noradrenaline (NA), adenosine 5h-triphosphate (ATP) and neuropeptide Y (NPY). Antibodies to tyrosine hydroxylase (TH), a rate-limiting enzyme involved in the synthesis of catecholamines, and NPY, can be used to examine changes in sympathetic nerves, whereas antibodies to vasoactive intestinal polypeptide (VIP), a potent vasodilator, can be used as an immunomarker for parasympathetic nerves. Nitric oxide (NO) which acts as a potent vasodilator in mesenteric and renal arteries in various mammalian species (Yoshida et al. 1993 ; Okamura et al. 1995 ; Vials et al. 1997 ) is probably released from perivascular sensory-motor nerves during axon reflex activity (Holzer et al. 1995) or may be associated with parasympathetic nerves (Nozaki et al. 1993) . In some species nitric oxide synthase (NOS) has also been localised in neurons of sympathetic ganglia (Sheng et al. 1993 ; Hisa et al. 1995) . Substance P (SP) and calcitonin gene-related peptide (CGRP) are localised in sensory-motor nerves, i.e. primary afferent nerve fibres which also have an efferent function (Maggi & Meli, 1988) .
There is pharmacological evidence for an increase in sympathetic neurotransmission in mesenteric arteries and renal arteries in the hamster during hibernation, whilst endothelium dependent responses are unchanged (Ralevic et al. 1997 ; Karoon et al. 1998) . A reduction of both vasodilator (NO) and vasoconstrictor (endothelin) elements in mesenteric and renal artery endothelium during hibernation (Saitongdee et al. 1999) as peripheral vascular resistance increases, suggests that neural control may be the predominant mechanism involved in this situation.
The aim of the present study was to examine, at the ultrastructural level, the distribution of immunoreactivity to TH and NPY (markers for sympathetic nerves) ; VIP (a marker for parasympathetic nerves) ; NOS-I (the enzyme involved in NO synthesis) and SP (a marker for sensory-motor nerves) in the mesenteric and renal vasculature of hamsters during and after arousal from hibernation.
  

Induction of hibernation and arousal
Adult male golden hamsters (Mesocricetus auratus) were used in this study as follows : (I) normothermic control animals maintained in normal animal housing conditions (n l 3), (II) cold-exposed controls maintained under conditions conducive to hibernation (see below) that failed to hibernate (n l 3), (III) hibernating hamsters maintained under conditions conducive to hibernation that underwent hibernation (n l 2), and (IV) hibernating hamsters that were examined 2 h after being brought to room temperature surroundings to arouse from hibernation (n l 2).
Normothermic control animals (group I) were housed at room temperature (20 mC) and exposed to 8 h and 16 h of light and dark periods, respectively. Hibernation was induced by creating ' pseudo ' winter conditions. Animals maintained under conditions conducive to hibernation (groups II, III and IV) were initially housed in a refrigerated incubator (Leec Ltd, Nottingham, UK) with the light and dark periods set at 8 h and 16 h, respectively. The period of light was then reduced by 30 min\d, together with a gradual temperature reduction to reach the final conditions of 2 h light per day and 9 mC (this acclimatisation procedure took 7-10 d). The animals were next transferred to individual cages in a cold room which was set at 5 mC with 2 h of light per day and with food and water ad libitum. Sufficient nesting material was also supplied. Inspection of the animals outside the designated light period was only performed under a 10 W red photographic light. To check whether the animals were hibernating, sawdust was sprinkled on their backs (which would wake a sleeping but not a hibernating hamster). After a period of approximately 10 wk, hamsters began to hibernate. Animals were allowed to hibernate for 8 wk, which included natural periodic arousal (for approximately 24 h every 3-5 d). Hamsters were killed only after a deep continuous hibernation bout of 3 d (group III). Hamsters allowed to arouse for 2 h were taken from this hibernating group (group IV). The cheek pouch and rectal temperatures of the hamsters were measured.
Perfusion and processing of vessels
For pre-embedding electron immunocytochemistry, the animals were anaesthetised with sodium pentobarbitone (Sagatal, 60 mg\kg i.p.) and perfused through the heart (left ventricle) with fixative containing 4 % paraformaldehyde and 0.1 % glutaraldehyde in 0.1  phosphate buffer pH 7.4 (at room temperature) for 15 min. After perfusion, superior mesenteric and renal arteries were dissected, immersion-fixed for 5 h at 4 mC, then washed with phosphate buffer and thereafter cryoprotected overnight at 4 mC in 7 % sucrose in phosphate-buffer (pH 7.4). The following day the arteries were oriented and embedded in Tissue-Tek (Miles Inc., Elkhart, IN, USA), frozen by immersion in precooled isopentane in liquid nitrogen, and stored in liquid nitrogen until sectioning. Transverse cryosections (50 µm) were cut, after washing several times in phosphate buffer. The specimens were subsequently processed for preembedding electron immunocytochemistry of TH, NPY, NOS-I, VIP, and SP using the peroxidaseantiperoxidase (PAP) technique.
Immunocytochemistry
The method used for immunocytochemistry has previously been used to study hamster vascular endothelium (Saitongdee et al. 1999) . In the present study, for valid comparisons, samples of superior mesenteric artery and renal artery from all groups were processed for immunolabelling for a particular antigen at the same time. Specimens were exposed for 30 min to 0.3 % hydrogen peroxide in 30 % methanol (to block endogenous peroxidase), washed for 1 h in 0.1  Tris buffer at pH 7.4 (Tris-1), and then incubated for 1 h in normal goat serum (Nordic Immunology, Tilburg, The Netherlands) diluted 1 :30 in Tris containing 0.1 % sodium azide (Tris-2). After washing in Tris-1, the specimens were incubated for 48 h at 4 mC in primary antisera diluted in Tris-2 as follows : TH, 1 : 500 ; NPY, NOS-I, VIP and SP, 1 : 1000. After washing in Tris-1, the specimens were exposed for 1.5 h to goat-antirabbit immunoglobulin G serum (Biogenesis, Bournemouth, UK) diluted 1 : 50, then rinsed in Tris-1. The specimens were incubated for 2.5 h with a rabbit PAP complex (Dako, Glostrup, Denmark) diluted 1 : 75, then rinsed in Tris-1. After exposure to 3h3h-diaminobenzidine (Sigma, Poole, UK) and hydrogen peroxide, the specimens were postfixed in 1 % osmium tetroxide, dehydrated in a graded ethanol series and embedded in Araldite. Ultrathin sections were stained with uranyl acetate and lead citrate and subsequently examined with a JEM-1010 electron microscope.
Immunocytochemical controls
The rabbit antisera used in this study were polyclonal and have been characterised by the manufacturers (antisera to TH, Eugene Tech International ; NPY, UC Bioproducts, Belgium ; NOS-I, N31030, Transduction Laboratories, Lexington, USA ; VIP and SP, CRB, Cambridge, UK). In the present study, the specificity of the immunostaining was tested by omission of primary antisera from the incubation medium and\or replacing the primary antisera with normal rabbit serum (Nordic Immunology, Tilburg, The Netherlands) at a dilution of 1 : 1000, and by preabsorption of the primary antisera for 24 h at 4 mC with a 1 µ solution of the appropriate antigen. NOS-I was preabsorbed with rat pituitary lysate (Transduction Laboratories, Lexington, USA). No immunoprecipitate was observed in these control preparations.
Measurement of percentage of immunopositive cells
In order to establish the percentage of axon profiles positive and negative for a given antigen, axons were counted in ultrathin sections taken from different levels of specimens separated from each other by a distance of " 50 µm. Axon profiles were counted at a magnification of i6000-10 000 by examination with an electron microscope (JEM 1010). Results were expressed as meanpstandard error of the mean (...) of the percentage of immunopositive axons per section of artery from normothermic, coldexposed, hibernating and aroused animals ; at least 12 sections were examined per animal group, with a minimum of 830 axon profiles per group. Statistical analysis of these data, based on the number of sections examined, was carried out using Tukey's test for multiple comparisons, taking P 0.05 as significant.

Animals
There was a difference in cheek pouch and rectal temperatures among the 4 groups of hamsters. The cheek pouch temperature of the hibernating hamsters was 8 mC compared with 35 mC for both control groups and 33 mC for the arousal group. The rectal temperature of the hibernators was 9 mC compared with 33 mC for both control groups and 32 mC for the arousal group. These temperatures were within the range of previously reported values from a larger number of animals (Saitongdee et al. 1999) .
Ultrastructure of perivascular nerves
Perivascular nerves were observed both in mesenteric and renal arteries. The nerve profiles were covered incompletely by Schwann cells and were rich in both varicosities and intervaricosities. Varicosities con- tained small or large vesicles which were not found in the intervaricosities. The neuromuscular gaps, the distances between the axon terminals and smooth muscle cells, were usually interposed with connective tissues, fibroblasts or Schwann cell processes. The neuromuscular distance for NPY-positive varicosities was 731p5 nm (26 varicosities) in the mesenteric artery and 1304p166 nm (12 varicosities) in the renal artery ; there were no notable differences between the experimental groups.
Immunolabelling of perivascular nerves
Perivascular nerve fibres (axons) immunoreactive for the antigens examined were present mainly in nerve bundles, but also in a few solitary axon profiles enclosed by basal lamina or processes of Schwann cells (Figs 1-3) . In general, the density of TH and NPY-immunopositive nerve bundles did not appear to vary between the groups of animals examined (qualitative observation). Immunopositive and negative axons were seen either associated with, or free from, Schwann cell processes. The labelled axons showed electron-dense immunoreactive particles in the axoplasm and\or the membranes of mitochondria in varicosities and microtubules mainly in intervaricose regions. The intensity of labelling of different nerve profiles was variable, but in all cases positive nerve fibres could clearly be distinguished from neighbouring negative ones.
In general, TH, NPY, NOS and VIP-immunopositive axons were observed in the mesenteric arteries of each animal group examined, but no SP-immunolabelled axons were seen. In the renal artery, TH and NPY-immunoreactive axons were demonstrated in all 4 groups, but immunoreactive axon profiles for VIP were observed only sparsely and only in the cold control group ; neither SP nor NOS-immunostained axon profiles were observed in any animal group. The percentage of axon profiles positive for TH, NPY, NOS, VIP, and SP are shown in the Table and examples of the distributions of immunostained perivascular nerves are displayed in Figs 1-3.
Immunolabelling for TH
TH-immunoreactive axon profiles of normothermic control, cold control, hibernated and aroused hamster mesenteric and renal arteries (Fig. 1) exhibited mostly vesicles and mitochondria (Fig. 1 c) . A large number of axons positive for TH were observed in mesenteric and renal arteries of hibernating animals ( Fig. 1 d, e) .
Following 2 h arousal from hibernation, most nerve bundles had a comparable appearance to the controls (cf. Fig. 1 f with 1 a) .
Immunolabelling for NPY
NPY-immunoreactive axon profiles (Fig. 2 a-i) showed mitochondria and small and large vesicles ( Fig. 2 b) ; the central core of some large granular vesicles was immunolabelled (Fig. 2 b, f ) . The mesenteric and renal arteries of hibernating animals displayed the highest number of axon profiles labelled for NPY (Fig. 2 e-g ).
Immunolabelling for NOS
Axons positively-labelled for NOS-I were sparse in the mesenteric arteries from all groups of animals examined (Fig. 3 a-e) . No NOS-I-immunoreactive axons were observed in the renal arteries.
Immunolabelling for VIP
Axon profiles immunolabelling for VIP (Fig. 3 f-h ) displayed mitochondria and small agranular and large granular vesicles (Fig. 3 f,h) ; the central core of some granular vesicles contained immunoprecipitate. Fewer VIP-positive axon profiles were observed in hibernating mesenteric arteries compared with normothermic controls. Renal artery exhibited no VIPimmunolabelled nerve fibre profiles, apart from an occasional axon profile in the cold-exposed control group.
Immunolabelling for SP
No SP-immunolabelled axon profiles were observed in either mesenteric or renal arteries.
Percentages of TH, NPY, NOS, VIP, SPimmunopositive axon profiles
Data representing the percentages of TH, NPY, NOS, VIP and SP-immunoreactive axon profiles of mesenteric and renal arteries of normothermic control, cold control, hibernating and aroused hamsters are given in the Table. There was a striking increase in the percentage of immunoreactive axons for TH and NPY in both mesenteric and renal arteries from hibernating hamsters as compared with the remaining 3 groups. After 2 h arousal from hibernation, the percentage of TH and NPY-immunopositive axons was reduced compared with the hibernating group, but was still higher than those of the 2 control groups.
The percentage of axons immunolabelling for NOS in the mesenteric arteries was slightly increased in hibernation compared with the other groups. For VIP, the percentage of positive axon profiles in the mesenteric artery was reduced in the cold controls and in the hibernating group. Data expressed as meanp... from at least 12 sections per animal group. Number of axon profiles examined in parenthesis. n l number of animals used. *P 0.05 compared to controls and aroused animals. + P 0.05 compared to normothermic controls.

The current study shows a remarkable increase in the immunoreactivity for the sympathetic nerve markers TH and NPY in perivascular nerves in both mesenteric and renal arteries of hibernating hamsters. Two hours after arousal from hibernation, the percentage of TH and NPY-immunoreactive nerve profiles was reduced, but it was still higher than those of normothermic and cold control animals. This increase is consistent with reports of high peripheral vascular resistance and of increased sympathetic nerve activity during hibernation (Lyman, 1965 ; Nedergaard & Cannon, 1990) . A decrease in immunoreactivity of the sympathetic markers 2 h after arousal from hibernation indicates a rapid mechanism for return of sympathetic nerve activity to normality. Previous immunohistochemical studies for NA and NPY at the light microscope level did not reveal any obvious changes in the density of the sympathetic nerve supply in the mesenteric artery during hibernation (Ralevic et al. 1997) . This may reflect our findings of no apparent change in the density of TH and NPY-immunopositive nerve bundles in hibernation. However, at the electron microscope level, an increase in number of immunopositive axons per nerve bundle were noted ; these changes would not necessarily be detectable at the light microscope level. The percentage of NPY-positive axon profiles was often slightly higher than the percentage of TH-positive axon profiles. This may be due to actual differences in expression or to differences in avidity of the respective antibodies used for the immunodetection. Our present data give no information of possible hibernationinduced changes in TH activity, as opposed to TH content, or of levels of NA in the varicosities.
In addition to increased sympathetic nerve activity, there is evidence for enhancement of postjunctional responses to NA in vessels of hibernating woodchuck and hedgehog (Eliassen & Helle, 1975 ; Miller et al. 1986 ) and in pre-and postjunctional modulatory responses in hamster mesenteric arteries (Ralevic et al. 1997 (Ralevic et al. , 1998 . In most blood vessels, NPY, costored and coreleased with NA from sympathetic nerves, acts predominantly as a postjunctional neuromodulator, producing a powerful potentiation of noradrenergic vasoconstriction (Ekblad et al. 1984 ; Pernow et al. 1986 ). Lack of functional responses to NPY in hamster mesenteric arteries suggests a neuromodulatory role in this vessel (Hill et al. 1996) . The distance between the NPY-containing varicosities and adjacent smooth muscle in hamster mesenteric and renal arteries is consistent with a predominantly postjunctional neuromodulatory action for NPY (Burnstock, 1990 ; Owen, 1993) .
Potent vasodilator responses to exogenous VIP have been reported in the hamster mesenteric arterial bed (Hill et al. 1996) . In the present study, a relatively high percentage of VIP-immunoreactive axon profiles were observed in the mesenteric artery of normothermic hamsters, but fewer were evident in the cold controls with even less in the hibernating animals. A decrease in immunoreactivity for this parasympathetic vasodilatory neuropeptide during hibernation may contribute to the observed increased vascular resistance at least in the mesenteric bed. In contrast, there were virtually no VIP-immunoreactive nerves in the renal arteries of any of the hamsters examined suggesting that VIP does not play a role in renal vascular control in this species.
There was a sparse innervation of the hamster mesenteric artery by NOS-positive nerves. The percentage of NOS-containing axon profiles increased during hibernation, returning towards the control levels during arousal. It is not clear which population of nerves are the source of this increase in NOS. NOSpositive nerve profiles were absent from the hamster renal artery. As VIP and CGRP-immunoreactive axon profiles were also only detected in the mesenteric artery (see later) it is likely that in these animals, NOS is localised in parasympathetic and\or sensory-motor nerves. The lack of vasodilator transmitters in hamster renal artery perivascular nerves, as demonstrated in the present study, highlights the importance of NO released from the endothelium in the control of vascular tone in this vessel. Our previous studies have shown that the percentages of both NOS-positive and endothelin-positive endothelial cells of the mesenteric and renal arteries are notably lower in hibernating hamsters than in control animals and following arousal from hibernation (Saitongdee et al. 1999 ). These changes may reflect a reduced endothelial contribution to the maintenance of vascular tone during hibernation. The present findings indicate that this occurs in concert with a marked increase in sympathetic innervation, supporting a predominantly vasoconstrictor control of mesenteric and renal arteries during hibernation.
There were no perivascular nerves immunoreactive for SP in either mesenteric or renal arteries from any of the animal groups examined. A sparse supply of calcitonin gene-related peptide-containing nerves was detected in the mesenteric artery, but there were none in the renal artery (unpublished observation). The presence of calcitonin gene-related peptide, but not SP, in the hamster mesenteric artery concurs with a previous report (Hill et al. 1996) . Sensory-motor nerves may not participate in regulating blood flow in hamster mesenteric artery, whereas they have an efferent vasodilatory function via calcitonin generelated peptide release in rat mesenteric arteries (Kawasaki et al. 1988 ; Hill et al. 1996) .
The rapid decrease in percentage of TH, NPY, and NOS-immunoreactive axons only 2 h after arousal raises interesting questions about the mechanisms involved. As it is unlikely that retraction of nerves would occur during this time scale, the observations could be due to decreased expression of the sympathetic markers and\or their depletion from the varicosities. It should be noted that axon profiles counted included both varicosities and intervaricosities. A reduction in the mRNA expression of the markers at the level of the sympathetic ganglia and consequent reduction in axonal transport of the end product to the terminal varicosities may bring the levels in the intervaricosities to below that of immunodetection. Changes in gene expression of TH and NPY can occur rapidly, within hours, for example in the superior cervical ganglion after axotomy (Zigmond et al. 1998 ) and in the adrenal gland after cold exposure (Baruchin et al. 1990 ). Identification of genes differentially expressed in ganglia during the regulated processes of entrance into and arousal from hibernation when there are marked changes in autonomic control will shed light on the molecular mechanisms involved and are currently underway in our laboratory.
To summarise, the increase in immunoreactivity for the markers TH and NPY for sympathetic nerves mediating vasoconstriction and concomitant decrease in immunoreactivity of VIP the marker for parasympathetic nerves mediating vasodilatation, are consistent with evidence for an increase in peripheral vascular resistance in hibernating animals.
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